Reticulocytes release small membrane vesicles termed exosomes during their maturation into erythrocytes. It has been suggested that reticulocytes remodel the plasma membrane of the immature red cell during erythropoiesis by specifically eliminating various proteins. We report here that exosome release is associated with a physiologic cascade induced by the expression of a 15-lipoxygenase at the reticulocyte stage. We found that the phospholipase iPLA2 specifically associated with the endosomal and exosomal membranes could be activated by ROS produced during mitochondria degeneration induced by 15-lipoxygenase. Since iPLA2 has been recently demonstrated to participate to the clearance of apoptotic cells, we investigated its role in vesicle removal. We found that exosomes isolated directly from the blood of an anemic rat or released during in vitro maturation of rat reticulocytes bind IgM antibodies on their surface, in contrast to immature and mature red cells. These natural IgM antibodies recognize lysophosphatidylcholine and are able to specifically bind to apoptotic cells. Finally, evidence of C3 deposition on the exosome surface leads us to hypothesize that this cascade may favor the clearance of exosomes by cells once released into the bloodstream, via a mechanism similar to that involved in the elimination of apoptotic cells.
. The response appears to require the transfer of exosomes to specialized immunological cells such as dendritic cells, and might thus be involved in a relatively local transfer [3] [4] [5] . In the case of reticulocytes, cells that release high amounts of vesicles into the bloodstream 6 , exosome secretion may be viewed differently since these cells do not have any immunological ability. The function commonly attributed to these particles is the removal of obsolete or unwanted molecules from the surface of mature red cells. Transferrin receptor (TfR) and integrin α4β1 are two examples of proteins cleared from the red cell plasma membrane during reticulocyte maturation 7, 8 . Exosome secretion would therefore be a crucial event leading to membrane remodeling during this last stage of erythropoiesis, since the lysosomal degradation capacity of the reticulocyte is trivial. One can imagine that the released vesicles are then digested by specialized cells, but contrary to exosomes secreted by antigen presenting cells 5 , elimination of reticulocyte exosomes must always occur in a context of tolerance, preventing inflammatory reactions and unwanted immune response to self-antigens. This is reminiscent of the process achieved during apoptotic cell removal, where non viable 'self' cells are specifically recognized and ingested by phagocytes 9 . This is particularly important as recognition of apoptotic cells involves the appearance of altered-self markers ("eat-me" signals) on the cell surface. Among the "eat-me" signals, the best characterized is the exposure of phosphatidylserine (PS) on the outer leaflet of the lipid bilayer, which is recognized directly by diverse phagocyte receptors or after recruitment of bridging molecules such as milk-fat-globule-EGF-factor 8 (MFG-E8) 10 . More recently the phospholipid lysophosphatidylcholine (lysoPC) was identified as another "eat-me" signal on the surface of apoptotic cells. It has been demonstrated that during apoptosis hydrolysis of plasma membrane phosphatidylcholine by a calcium-independent phospholipase A2 (iPLA2) leads to
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From the exposure of an epitope recognized by natural IgM antibodies 11 . Here we show that an 85kDa iPLA2 is specifically localized in endosomes and exosomes secreted by rat reticulocytes, and that its enzymatic activity is increased by reactive oxygen species (ROS) produced during reticulocyte maturation. Moreover, we demonstrate that IgM antibodies are associated with the vesicles secreted by reticulocytes, and that exosome-stripped IgM antibodies specifically bind to lysoPC-containing liposomes and apoptotic cells. We propose that upon exosomal iPLA2 hydrolysis of phosphatidylcholine, IgM binding to lysoPC results in reticulocyte exosome recognition and clearance. In support of this hypothesis, we have also found attachment of C3 on the surface of exosomes, a component of the complement system which could promote their uptake by phagocytes or bystander cells.
Materials and methods:

Cells:
Reticulocyte production in Sprague-Dawley white rats was induced by phenylhydrazine 12 or phlebotomy 13 . Erythrocytes were obtained from the blood of untreated rats.
The lymphoid T-cell line Jurkat was maintained in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 2mM L-Glutamine, 50µg/ml streptomycin and 50U/ml penicillin.
Antibodies:
Mouse monoclonal anti-human transferrin receptor, raised against the cytoplasmic tail of the Peroxidase-conjugated donkey anti-rabbit IgG were from Rockland (Gilbertsville, PA). Cy5-conjugated rabbit anti-goat IgG was from Molecular Probes (Eugene, OR).
Exosome isolation:
After removing the buffy coat, red blood cells from anemic rats were washed three times with Ringer buffer and cultured for 48h at 37°C in RPMI 1640 supplemented with 5mM glutamine, 5mM adenosine, 10mM inosine, 3% FCS, 50U/ml penicillin and 50µg/ml streptomycin. After pelleting the cells, the culture supernatant was centrifuged (20 000 x g for 20min) to remove cellular debris. Exosomes were separated from the supernatant by ultracentrifugation (100 000g for 2h) and resuspended in PBS or sucrose, depending on the experiments. Similarly, exosomes contained in the plasma of anemic rats were isolated by the same differential centrifugation method.
Western blot analysis:
Samples were separated by SDS-PAGE using 10%, 12% or 15% polyacrylamide gels, and the proteins were electrophoretically transferred to polyvinylidene difluoride membrane (Immobilon-P, Millipore). Membranes were blocked for 1 h in TBST (10mM Tris-HCl, pH 8.0, 150mM NaCl, 0.05% Tween 20) containing 5 % skim milk, followed by 1h incubation with the indicated primary antibodies. Blots were washed and incubated for 1h at room Immunoreactive bands were visualized by the enhanced chemiluminescence method (ECL, Amersham Bioscience) according to standard procedures.
Mitochondria membrane potential measurement
Different populations of age-synchronized reticulocytes were obtained by layering immature red cells from the blood of anemic rats on top of a Percoll/NaCl density gradient (1.100, 1.105, 1.110, 1.123 g/ml) and centrifuged at 15 000g for 10min. 4 fractions were collected, corresponding to different reticulocyte maturation stages, from lower to higher density, i.e. from younger to older reticulocyte stages 14 . As a control of maturation, RNA levels in each fraction were determined by using Thiazole orange 13 .
The different fractions (2‰ cell suspension in Ringer solution) were then incubated for 30min Nor-dihydroguaiaretic acid (NDGA) 100µM were added during maturation of youngest reticulocyte population isolated on Percoll gradient, and cells were then analyzed for ∆Ψm as described above.
Reticulocyte subcellular fractionation:
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Reticulocytes were lysed by freezing / thawing as previously described 12 . The lysed cells were pelleted at 1 500g for 5min and the supernatant was centrifuged at 10 000g for 10min to pellet mitochondria. An ultracentrifugation (60 000g for 30min in a Beckman TLA110 rotor) finally allowed separating endosomes (pellet) from cytosol (supernatant). Mitochondria and endosomes were resuspended and washed once in PBS. Reticulocyte plasma membranes were prepared according to Steck and Kant 15 with blood from anemic rats.
Sucrose gradient analysis:
We assessed the purity of endocytic vesicles by sucrose gradient centrifugation. For that, endosomes were layered on top of a linear sucrose gradient (0.3 -1.5M sucrose) in a
Beckman SW 55 tube (Beckman Coulter, Fullerton, CA). Gradients were centrifuged for 1h at 35 000 rpm, after which 450µl were collected from the top of the tube.
Exosomes were layered on top of a linear sucrose gradient (0.5 -2.5M sucrose) in a Beckman SW41 tube. Gradients were centrifuged for 16 hours at 39 000 rpm, after which 700µl fractions were collected from the top of the tube.
In each case (i.e. endosome or exosome isolation), collected fractions were precipitated by trichloracetic acid (TCA), and samples were analyzed by SDS-PAGE and Western Blot.
Measurement of iPLA2 activity in endosomes:
Freshly obtained endosomes (2.5mg protein/ml) were maintained in PBS. To assess iPLA2 activity in these vesicles, the bis-BODIPY-FL C 11 -phosphatidylcholine (BODIPY FL 11 -PC) (Molecular Probes) was used as the fluorescent probe. For inhibition of the iPLA2 activity, 50µg of endosomes were incubated with BEL ((E)-6-(Bromomethylene)-tetrahydro-3-(1-naphthalenyl)-2H-pyran-2-one) (100µM) for 2h at room temperature, then the probe was added and the fluorescence measured.
To test the effect of ROS on endosomal iPLA2 activity, two concentrations of H 2 O 2 (15% and 3%) were added to 50µg of vesicles, 30 minutes prior labeling with the BODIPY.
Pull down assay:
Exosomes (100µg protein) were treated by 0.5 M sodium carbonate pH 11 for 1h at room temperature and ultracentrifuged (100 000g for 30min in a Beckman TLA110 rotor). The pellet containing carbonate-stripped exosomes was then resuspended in PBS.
Supernatant from carbonate-treated exosomes was dialyzed overnight against PBS and reincubated with stripped exosomes for 1h at room temperature. After ultracentrifugation (200 000g for 10min in a Beckman TLA110 rotor), pellets and supernatants were loaded on SDS-PAGE 10% and analyzed for the presence of IgM by Western blot. Carbonate-washed proteins and stripped vesicles were submitted separately to the same conditions. To assess exosome integrity, immunoblot was then re-probed for hsc70, a cytosolic exosomal marker.
IgM binding on apoptotic cells:
Apoptosis of Jurkat T cells (10 6 /ml) was induced by incubation with 100ng/ml CD95 antibody (R&D systems) for 16h, and washed twice in RPMI. The percentage of apoptotic cells was then quantified by flow cytometry analysis using Annexin V (Sigma, St Louis, MO) according to the manufacturer's instructions. at 37°C. After 3 washes in PBS, cells were incubated with antibody against rat IgM followed by staining with Cy5-conjugated rabbit anti-goat IgG and analyzed by flow cytometry. Two regions were defined according to Annexin V binding.
IgM binding competition with phospholipids:
The synthetic phospholipids, 1,2-dioleyl-sn-glycero-3-phosphatidylcholine (DOPC) and 1-dodecanoyl-sn-glycero-3-phosphatidylcholine (LysoPC) were purchased from SigmaAldrich. Phospholipids (100µg) were dissolved in methanol and coated on a fluoronunc 96-well plate for 18h at 4°C. The following day, dialyzed supernatant from carbonate-treated exosomes was applied on the plates for 2.5h at room temperature. Supernatant was then removed and incubated for 1h at 37°C with Jurkat T cells induced or not in apoptosis. Finally, IgM binding was assessed by flow cytometry with the anti-rat IgM.
FACS analysis of exosomes:
Exosomes-coated latex beads prepared by incubating exosomes with 4-µm-diameter aldehyde/sulfate latex beads (Interfacial Dynamics, Portland, OR) as previously described 16 , were incubated 45min with a goat anti-rat IgM or a rabbit anti-rat C3 component, followed by incubation with Cy5-or FITC-conjugated antibody, and analyzed by flow cytometry.
IgM binding to red cells treated with PLA2:
Erythrocytes (20µl packed cell volume) were treated for 18h at 4°C with an exogenous PLA2
coming from crotalus venom (65 and 130U; Sigma). Cells were then washed, incubated with either rat plasma or carbonate wash as described earlier, and analyzed by flow cytometry for the presence of IgM. For BODIPY FL 11 -PC labelling of red cells, fluorescent phospholipid analog was inserted into the plasma membrane, as previously described 17 . Briefly, appropriate amounts of lipid were dried under nitrogen and subsequently solubilized in absolute ethanol. This ethanolic solution was injected with a Hamilton syringe into Hanks' buffer, pH 7.4 (<1% v/v) while vigorously vortexing. The mixture was then added to the cells and incubation was carried out for 60 min at 4°C after which the medium was removed, followed by extensive washing of the cells with cold Hanks' buffer. Cells were then incubated with PLA2 as described above. Fluorescence (bodipy) dequenching of the probe due to PLA2 hydrolysis was measured by flow cytometry analysis of the cells (channel FL1).
Results
We have previously shown that a phospholipase A2 activity was membraneassociated, enriched in endocytic vesicles and exosomes as compared to cytosol and plasma membrane of rat reticulocyte 18 . Moreover, neither the hydrolytic activity nor the membrane association was found to be Ca 2+ -dependent, and BEL, a specific inhibitor of calciumindependent phospholipases A2, was found to abolish the enzymatic activity 18 . We now assessed the subcellular localization of the enzyme after cell fractionation, using an antibody specific for the iPLA2 form. As shown by Coomassie blue staining, the five subcellular fractions obtained from reticulocytes clearly have different protein content (figure 1A). A band of about 85kDa corresponding to the expected iPLA2 molecular weight 19 , was detected by Western blot in endosomal and exosomal fractions (figure 1B). Moreover, comparable amounts of iPLA2 and TfR were detected in endosomes and exosomes, emphasizing the specificity of iPLA2 association with endosomal-derived membranes. The specificity of this association was confirmed by sucrose gradient analysis. As shown in figure 1C , iPLA2
specifically co-sedimented with endosome fractions as assessed by western blotting of endosomal markers. While the 85kDa putative iPLA2 band was detected at only very low levels in other reticulocyte subfractions, (cytosol, plasma membrane and mitochondria, figure   1B ), a 70kDa band was readily observed in the mitochondrial fraction and at slightly lower levels in the plasma membrane fraction. As the 70kDa peptide is also detected in endosomes, it might represent a degradation product of the native 85kDa iPLA2. Moreover, it has been shown that iPLA2 is cleaved by caspase-3 during cell apoptosis, releasing a 30kDa peptide that possesses the catalytic site and an epitope recognized by the antibody used here 20 .
Indeed, the 70kDa and 30kDa bands detected in the iPLA2 immunoblots of the plasma membrane and mitochondria sub-fractions may correspond to caspase-derived fragments 20, 21 .
Furthermore, as shown in figure 1D , when exosomes obtained after ex-vivo reticulocyte maturation were incubated for 48h at 37°C, an increase in this 30kDa iPLA2 specific band was detected, in agreement with its potential cleavage by a caspase-3 activity as previously demonstrated in rat reticulocyte exosomes 16 . Identical treatment and blotting for TfR revealed no turnover for this protein, suggesting a specific cleavage of iPLA2.
During reticulocyte maturation, mitochondria are known to disappear at least partially by an intracellular degradation pathway involving the proteasome system. This programmed death of mitochondria, called mitoptosis 22 , is finely tuned by expression of a 15-lipoxygenase (15-LOX) at the reticulocyte stage that specifically associates with the mitochondrial membrane creating pores and releasing lumenal proteins 23 . This is illustrated in Figure 2A (inset) where 15-LOX is abundantly present in reticulocytes, within in the mitochondria fraction, but is not detected in erythrocytes. Mitochondria degeneration occurring during in vitro maturation of reticulocytes is associated with a decrease of the mitochondrial membrane potential (∆Ψm) (figure 2A). When total reticulocytes from an anemic rat are matured for 48h, the ∆Ψm progressively decreases as assessed by Mitotracker Red staining (figure 2B).
Moreover, when ∆Ψm is measured on cells separated on a percoll gradient as a function of their maturation state, there is a clear decrease in ∆Ψm from young reticulocytes to older red cells (not shown). This decrease in ∆Ψm is abolished when the in vitro reticulocyte maturation is carried out in the presence of the 15-lipoxygenase inhibitor eicosatetraynoic acid (ETYA) (figure 2C). Concomitant with this loss of ∆Ψm, we determined that intracellular ROS production decreased during red cell maturation, as assessed using the ROS-sensitive dye hydroethidine ( figure 2D ).
As ROS have been reported to activate iPLA2 activity in macrophages 24 , we assessed the effect of H 2 O 2 on the PLA2 activity present in the reticulocyte endosomal fraction. As we previously demonstrated using radiolabeled phospholipids 18 , PLA2 activity, measured by fluorescence dequenching of bis-BODIPY-labeled phospholipid (bis-BODIPY-FL C 11 -phosphatidylcholine), was inhibited by BEL ( figure 3A) . However, when endosomes were incubated in the presence of H 2 O 2 , the phospholipase A2 activity was substantially increased (figure 3B). It is thus possible that during reticulocyte maturation, mitoptosis acts as an unlocking signal, favoring the disappearance of the endosomal compartment through exosome secretion. To test this hypothesis, reticulocytes were matured in the presence or absence of the lipoxygenase inhibitors ETYA or NDGA, and exosomes were collected and analyzed for the presence of TfR. As shown in figure 2C (inset), the addition of the lipoxygenase inhibitors decreased the amount of exosome released. One mechanism by which mitoptosis might influence exosome secretion is via ROS-mediated iPLA2 activation resulting in compartment remodeling by releasing fatty acids from phospholipids. Indeed, arachidonic acid, a cisunsaturated fatty acid, was demonstrated to promote membrane fusion in different systems 25, 26 . In addition, iPLA2 activation during mitoptosis could favor the clearance of exosomes
once released in the blood circulation, in a manner similar to that occurring in apoptotic cells 27 .
To examine this possibility, exosomes collected from the plasma of phenylhydrazinetreated rats were stripped and analyzed by Western blotting for the presence of IgMs. As shown in figure 4A , IgM antibodies associated with exosomes were released by a carbonate wash, while the stripped vesicles, visualized by the presence of the TfR and flotillin, were almost completely devoid of IgMs. To confirm IgM binding to the vesicles, exosomes collected after reticulocyte maturation were fractionated by flotation on sucrose gradient and analyzed for the presence of TfR and IgM antibodies by Western blot (figure 4B). Exosomes, as revealed by TfR detection (lower panel), were mainly distributed in fractions corresponding to densities between 1.08 and 1.18 g/ml, as previously described 16 . IgM antibodies revealed an overlapping distribution with exosomal fractions (upper panel). As a control, when the proteins stripped from exosomes were loaded on the gradient (middle panel), IgMs were principally recovered on the top of the gradient. To further characterize the exosome-IgM association, we developed a pull-down assay using IgMs collected from a carbonate wash and analyzed their ability to re-associate with stripped vesicles ( figure 4C ).
As shown, IgMs did not pellet when incubated separately from the vesicles, but a significant fraction was recovered with vesicles following a co-incubation. Notably, the stripping conditions used were gentle enough that they did not result in the leakage of the cytosolic heat-shock protein hsc70 from vesicles, as assessed by its detection within the vesicle pellet.
The ability of the carbonate-released IgM antibodies to associate with stripped vesicles strongly suggested the presence of a "receptor" on the exosome surface. To test the hypothesis that the "receptor" was actually lysophosphatidylcholine, we investigated the ability of IgM IgM antibodies are potent activators of the classical complement pathway and binding of these molecules to apoptotic cells results in their coating with C3b/bi which serves as an "eat me" signal for phagocytes 9 . We thus investigated the C3 deposition on the exosome surface. Indeed, an anti-C3 antibody reacted with several bands from exosomes purified from the plasma of anemic rats, as well as from rat reticulocytes matured in vitro (not shown).
Moreover, deposition of C3 component was easily detected on the surface of apoptotic cells by flow cytometry ( figure 6A ), as previously demonstrated 28 . C3 deposition on the exosome surface was thus monitored by the same technique, after vesicle adsorption on beads. For this, exosomes were isolated either directly from the plasma of an anemic rat or collected from in vitro maturation of rat reticulocytes in FCS-containing medium, adsorbed on the surface of latex beads as previously described 3, 16 and then analyzed for the presence of IgM and C3 component. As shown in figure 6B , IgM and C3 component were detected on the surface of vesicles isolated from both types of exosome complexes, demonstrating that this opsonization process occurs in vitro as well as in vivo. Notably though, lower levels of both IgM and C3
binding was detected when reticulocytes were matured in medium containing heat inactivated rat plasma ( figure 6C ). IgM binding and C3 component deposition on the surface of released exosomes were also found in reticulocytes directly harvested from rats rendered anemic by repeated bleeding ruling out phenylhydrazine-induced events, eventhough ROS production was lower when rats were phlebotomized (Supplementary figures 2 and 3 ).
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From Our finding that healthy immature and mature red cells do not recruit IgM, in contrast to released exosomes, led us to hypothesize that this was due to a lack of iPLA2 activity in the plasma membrane of former cells. To test this hypothesis, we incubated freshly isolated red cells with exogenous active PLA2 to hydrolyze phospholipids on the cell surface ( figure 7A) and then incubated the cells with serum to provide IgM for potential binding. As presented in figure 7B , production of lysophospholipids on the red cell surface induced IgM binding and Phosphatidylserine on apoptotic cells can be recognized directly by a phagocyte PS receptor 34 , but also through PS-binding proteins (e.g. MFG-E8, β2-glycoprotein I, Gas6) acting as a bridge between apoptotic cells and phagocytes 10, 35, 36 . We previously reported that reticulocyte exosomes freshly collected following in vitro maturation presented a normal membrane asymmetry 37 . However in the same study, we demonstrated the absence of the aminophospholipid translocase in reticulocyte exosomes, suggesting that the phospholipid asymmetry should be progressively lost with time, leading to PS exposure on the membrane outer leaflet. It is worth noting that accordingly, the presence of aminophospholipids on the surface of exosomes has been reported in some cases 38, 39 , and that MFG-E8 has been described as associated with exosomes secreted by various cells 5,39-41 .
More recently, lysophosphatidylcholine, another lipid exposed on the plasma membrane of cells undergoing apoptosis was demonstrated to play a role in apoptotic cell recognition. LysoPC is a product of phosphatidylcholine hydrolysis by phospholipases A2, enzymes that cleave the sn-2 ester bond in phospholipids to release free fatty acids and independent PLA2s (iPLA2s). The PLA2 involved in lysoPC production and recognition during apoptosis has been demonstrated to be a member of the iPLA2 group 11 . In agreement with our previous biochemical data (i.e. Ca 2+ independence, sensitivity to the suicide inhibitor BEL) 18 , a PLA2 with a molecular weight of about 85kDa, detected by an antibody specific to the iPLA2 form is present mainly in endosome and exosome fractions. The bands with lower MW detected in the other cell fractions could be degradation products of the same protein.
Indeed, iPLA2 has been cloned and identified in several species and a variety of cells. The most studied iPLA2 (iPLA2-VIA) contains several putative consensus sequences for caspase cleavage (DXXD) and corresponding iPLA2-VIA fragments have been reported to exist in cells 20, 42 . Interestingly, the fragments detected in our fractions fit with a caspase processing, especially the 30kDa and 70kDa fragments present in mitochondria, whose degeneration at the reticulocyte stage should favor caspase activation. Thus, it is possible that activation of caspases and the degeneration of mitochondria are early enough to explain the low level native form of iPLA2 in mitochondria at the blood circulating reticulocyte stage. Indeed, a caspase-3 activity was found to be involved in red cell differentiation 43 , and we detected a caspase-3 activity in reticulocyte exosomes 16 . Accordingly, when exosomes were incubated at 37°C, the 85kDa band diminished while a 30kDa fragment corresponding to a caspase cleavage product was enhanced. It has been shown that 15-lipoxygenase is involved in mitochondria degeneration by creating pores through which proteins can leak. As we demonstrate here, using inhibitors, the 15-LOX induces a loss of ∆Ψm but also modulates exosome release. Although we found that 15-LOX was associated with mitochondria ( figure   2 ) and to some extent with the endosomal compartment (not shown), the mechanism by which its enzymatic activity contributes to vesicle secretion is not fully understood. However, we Recent findings have suggested that ROS are a factor potentiating iPLA2 activity in various cell types 24, 44, 45 . Thus, the possibility that ROS transiently generated during reticulocyte maturation enhances endosomal iPLA2 activity was investigated. We indeed found that H 2 O 2 increases hydrolysis of 1, 2-bis-BODIPY-labeled phosphatidylcholine, and that iPLA2 enzymatic activity is still inhibited by the suicide inhibitor BEL. The mechanism for this H 2 O 2 -induced increase of hydrolysis has been reported to be due to an increased susceptibility of the membrane to PLA2 rather than to a change in iPLA2 specific activity 46 . In any case, the concomitant increase in iPLA2 activity and mitoptosis is highly reminiscent of a role for For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From
